Introduction
Studies of the distribution of ferric iron in mantle minerals have provided important insights into the redox state and geochemical processes in the Earth. Measured Fe 3+ /Fe tot ratios in garnet and spinel from xenoliths have been used to derive oxygen fugacity profiles for several upper mantle sections (e.g., Luth et al. 1990; Luth and Canil 1993; Woodland and Peltonen 1999; Woodland and Koch 2003; McCammon and Kopylova 2004; Lazarov et al. 2009; Yaxley et al. 2012; Creighton et al. 2009 Creighton et al. , 2010 . These data are of paramount importance for our understanding of processes involving volatile-bearing metasomatic fluids and melts active in the lithosphere today and during its evolution, including those involved in diamond formation and Earth's degassing (Woodland and Koch 2003; Shirey et al. 2013; Stagno et al. 2013) .
A large number of Fe 3+ analyses are now available for garnet, pyroxenes and spinel, which are the most important carriers of Fe 3+ in the upper mantle. The contents and distribution of Fe 3+ among these minerals are controlled by crystal-chemical constraints and P-T conditions and are affected by partial melting and metasomatism (Frost and Abstract We have investigated the partitioning of Fe 3+ between orthopyroxene (Opx) and garnet (Grt) in wellequilibrated mantle xenoliths using Mössbauer spectroscopy. The samples cover a wide range of P-T conditions (2.1-6.6 GPa, 690-1,412 °C) and geothermal gradients, and are thus representative for Earth's upper mantle in both on-craton and off-craton continental settings. Garnet has Fe McCammon 2008). It was recognized that in sub-cratonic mantle sections, garnet Fe 3+ /Fe tot ratios and garnet/clinopyroxene Fe 3+ partition coefficients tend to increase with temperature (Woodland and Koch 2003; Canil and O'Neill 1996; Woodland 2009 ). In addition, owing to stabilization of the Fe 3 2+ Fe 2
3+
Si 3 O 12 ("skiagite") component in garnet with pressure, oxygen fugacity has been shown to be driven to lower values relative to the FMQ buffer with increasing depth (Gudmundsson and Wood 1995) .
Despite the large amount of data on Fe 3+ distribution in mantle rocks, specific information on the partitioning of Fe 3+ between orthopyroxene (hereafter Opx) and garnet (hereafter Grt) is still very scarce. Predictive theoretical modeling of this partitioning is hampered by the lack of accurate thermodynamic data for Fe 3+ -bearing Opx. Empirical modeling is also problematic due to the paucity of analytical data for Opx. To our knowledge, reliable partitioning data for Opx-Grt pairs are restricted to a set of eight mantle xenoliths, which were analyzed by conventional Mössbauer spectroscopy by Canil and O'Neill (1996) , and two compositionally zoned Opx-Grt pairs from metasomatized xenoliths, which were analyzed by highspatial-resolution Mössbauer spectroscopy by McCammon et al. (2001) . Two additional pairs were reported for orogenic garnet peridotites by Malaspina et al. (2012) , who used complementary analytical techniques for the determination of ferric iron, i.e., flank-method electron probe microanalysis (EPMA) for Grt and electron energy-loss spectroscopy for Opx. Nimis and Grütter (2010) showed that the distribution of Fe 3+ between Opx and Grt in Canil and O'Neill (1996) xenoliths is dependent on equilibrium P-T conditions, implying a significant effect of mantle redox state on Opx-Grt Fe-Mg exchange thermometry. Unfortunately, the strong correlation between P and T in these samples did not allow discrimination of the net effects of P and T on Fe 3+ partitioning. More recently, Matjuschkin et al. (2014) performed experiments in the CFMAS peridotitic system at 5 GPa and 1,100-1,400 °C under strongly oxidized conditions and measured Fe 3+ contents in the garnets with the flank method. These authors observed a marked improvement of Opx-Grt temperature estimates using the Harley (1984) Fe-Mg exchange thermometer when the significant Fe 3+ contents in the garnets were accounted for and suggested that Fe 3+ /Fe tot ratios in the coexisting orthopyroxenes should be comparatively small.
To gain a better insight into the partitioning systematics of ferric iron between Opx and Grt under conditions relevant to Earth's upper mantle, we have undertaken a Mössbauer study of Opx-Grt pairs in well-equilibrated xenoliths from both on-craton and off-craton mantle sections, covering a wide P-T field. The results provide new indications on the mechanisms of incorporation of Fe 3+ in Opx and have significant implications for mantle thermobarometry.
Materials and methods

Sample selection, microstructures and compositions
The samples used in the present work were selected among well-studied peridotite xenoliths to cover a range of P-T conditions representative of garnet-facies lithospheric mantle in cratonic and off-craton regions (Table 1 ). All selected samples show well-equilibrated microstructures. We avoided using samples showing significant alteration or any evidence of chemical disequilibrium, such as significant compositional variations in any minerals, poor consistency between thermometric estimates using independent, mutually consistent thermometers (cf Nimis and Grütter 2010) or poor consistency between fO 2 estimates using independent, garnet-based and spinel-based oxybarometers (cf .
The selected off-craton peridotites (N = 6) are from the Barun-Yargait eruption center within the Late Cenozoic Dariganga alkali basaltic field in SE Mongolia (Ionov et al. 1999; Ionov 2002) . The peridotites are fertile to moderately refractory garnet lherzolites (2.7-3.9 wt% Al 2 O 3 in whole rocks) containing 54-66 % olivine, 19-27 % Opx, 6-13 % clinopyroxene (hereafter Cpx) and 4-11 % Grt; one sample (BY-18) contains accessory spinel (Table 1) . They are coarse-to medium-grained rocks with protogranular textures. The grain size is similar for all silicate minerals. The mineral grains typically have curved boundaries and irregular shapes. Pyroxenes show no optical zoning or unmixing. Garnets have thin kelyphite rims. No volatile-bearing minerals (mica, amphibole, apatite) or silicate glass have been found. Veined peridotites or pyroxenite xenoliths are very uncommon in the whole xenolith suite. The peridotites are fresh and have positive loss on ignition (LOI) values, indicating that the gain of mass due to oxidation of FeO to Fe 2 O 3 on heating is greater than the loss of volatiles introduced by alteration.
The selected cratonic peridotites (N = 12) are from the Udachnaya-East kimberlite pipe in the central Siberian craton. The samples are a subset of the xenolith collection described by Doucet et al. (2013 Doucet et al. ( , 2014 , and Ionov et al. (2010) , and were collected in the 420-640 m depth range in the diamond mine pit from unusually fresh kimberlites. Details on petrographic features, major and trace element compositions of whole rocks and minerals, and oxygen fugacity estimates can be found in the quoted papers. The rocks range in composition from Cpx-bearing harzburgite to lherzolite to Opx-bearing wehrlite (Table 1) and show no or little alteration (commonly Table 1 Modal compositions, selected chemical data and thermobarometric estimates for the investigated xenoliths
Modal abundances obtained by least-squares method from whole-rock and mineral analyses (data for Udachnaya after Ionov et al. 2010 and ; data for samples 87/70 and 87/97 not available due to small xenolith size). Ol olivine, Opx orthopyroxene, Cpx clinopyroxene, Grt garnet, Spl spinel, WR whole rock. Thermobarometer labels: PNG85- Nickel and Green (1985) ; PCa91-Nickel and Green (1985) , with correction in Carswell (1991) ; TTA98-Taylor (1998); TNT00- Nimis and Taylor (2000) ; TCa-in-Opx- Brey and Köhler (1990) , with correction in Nimis and Grütter (2010) 
Ol Opx Cpx Grt Spl WR WR
Udachnaya coarse and "transitional" 
Chemical analysis
Major element compositions of minerals used in the present study were determined by wavelength-dispersive spectroscopy electron microprobe analysis at different laboratories. The minerals were analyzed in grain mounts or thin sections. Samples from Dariganga were analyzed at Macquarie University (Sydney) with a Cameca SX-50 instrument at 15 kV voltage and 20 nA current, using natural and synthetic oxide and silicate minerals as standards and the PAP matrix correction. Analyses for U series samples from Udachnaya are the same as those reported in Ionov et al. (2010) and were obtained at the Laboratoire Magmas et Volcans (Clermont-Ferrand) on a CAMECA SX-100 using 15 kV voltage, 15 nA current and counting times of 10-20 s for peaks and 5-10 s for background; standards were natural and synthetic minerals; the ZAF correction was applied. The other samples from Udachnaya were analyzed or re-analyzed at Padova IGG-CNR with a CAMECA SX-50 and at Clermont-Ferrand with a CAMECA SX-100 using higher currents (20 kV, 40 nA) and longer counting times for Al, Cr, Ca and Na in pyroxenes (40 s peak, 40 s background) in order to minimize propagation of analytical errors on thermobarometric estimates and optimize the analysis of Na in Opx. No systematic decrease in measured Na contents was observed using the higher currents and longer counting times, which excludes significant underestimation due to migration of this element under the electron beam. Analytical standards for pyroxenes and olivine were diopside (for Si and Ca), albite (for Na), orthoclase (for K) and pure oxides (for Mg, Al, Cr, Fe, Mn and Ti). For garnet, pyrope was used as a standard for Mg and Si. The CAMECA-PAP program was used to convert X-ray counts into weight percent oxides. The analyses are reported in Table 2 .
Mössbauer analysis
Pure Grt, Opx and Cpx grains were handpicked under a microscope from 0.5-to 2.0-mm-size fractions of crushed and sieved rock material. Owing to the small size of some xenoliths and low modal proportions of Cpx, sufficient Cpx separates for Mössbauer analysis could be obtained only for nine of the investigated samples. The valence state of iron and its structural position in the minerals were determined using a SM-1201 Mössbauer spectrometer at the IPGG RAS (Saint Petersburg, Russia) at room temperature in a constant acceleration mode over a velocity range of ±7 mm/s with a nominal 50 mCi 57 Co source in a Rh matrix. The spectrometer was calibrated relative to metallic iron at room temperature. The minerals were crushed in an agate capsule filled with acetone to avoid iron oxidation in contact with air, pressed in plastic disks and fixed on a special aluminum holder, ensuring an angle between gamma rays and absorber of 54.7°, to avoid asymmetry of the spectra due to preferred orientation of mineral grains. The density of the natural iron in the absorber was about 5 mg/cm 3 . The spectra were approximated by a sum of Lorentzian lines using the MOSSFIT© software. The relative amounts of Fe 2+ and Fe 3+ and their site positions in the crystal lattice were determined from integral doublet intensities and hyperfine parameters, assuming equal Mössbauer effect probabilities for Fe 2+ and Fe 3+ at different sites for Opx and different recoil-free fractions of Fe in octahedral and dodecahedral sites for Grt. Constraints on the equality of halfwidths (HW) and integral intensities of the lines in each doublet component of quadrupole splitting (QS) were imposed during spectra fitting. The quality of experimental spectra was assessed by background intensity and the quality of fitting by Chi-square distribution.
The fitting model for Grt included a single QS doublet for Fe 2+ and Fe
3+
. The relative peak widths and areas of the Fe 2+ doublet, assigned to dodecahedral (distorted cube) site occupancy, were left unconstrained to account for spectra asymmetry (Amthauer et al. 1976 . Although previous studies (e.g., Luth and Canil 1993; Canil and O'Neill 1996) , used three QS doublets for Fe 2+ in Opx in the fitting procedure, this approach led to unreasonably small HW. Addition of the extra doublet is not statistically justified when the lines overlap by more than their HW, where the errors of hyperfine parameters increase dramatically (Dollase 1975 Tables 3, 4 and 5. The hyperfine parameters of Fe 3+ doublets in Opx are consistent with octahedral coordination (Annersten et al. 1978) . No additional lines were observed in any of the spectra, which confirm the absence of other mineral phases, including possible exsolutions. The Fig. 1 .
Mössbauer spectra of Opx, Cpx and Grt from mantle xenoliths that had been obtained by conventional Möss-bauer spectroscopy by Canil and O'Neill (1996) were reprocessed for this study using the same software and fitting approach used for our samples to ensure robust comparison of the new and old data. Seven sets of spectra could be retrieved from the original Canil and O'Neill (1996) files. We obtained similar results to Canil and O'Neill (1996) using their fitting approach; however, for several Opx spectra we observed that the fitting residuals were larger than the baseline scatter and indicated unequal areas of the main doublet components. This asymmetry is likely caused by a slight preferred orientation of crystallites arising from the nature of the sample mount; therefore, the Opx spectra were refitted allowing the two Fe 2+ doublets to have components with equal HW but unequal intensity according to the fitting approach of McCammon et al. (2000) . One of the spectra (sample FRB1350) showed a contribution from olivine, which was estimated to be roughly 13 % of the total area based on the intensity of the high QS impurity. Accordingly, an empirical correction was made to the Fe 3+ /Fe tot ratio in Opx based on the wellestablished observation that olivine contains no Fe 3+ . For the garnets, the same fitting model used for our samples produced Fe 3+ /Fe tot values within 0.01 of the data reported in Canil and O'Neill (1996) , provided the latter were corrected for different recoil-free fractions. Most of our n.a. not analyzed /Fe tot data for the clinopyroxenes were within 0.02 of those reported in Canil and O'Neill (1996) , with only two samples at 0.03-0.04 of the originally reported values. The results of the refitting are reported in Tables 3,  4 and 5. We emphasize that the change in Fe 3+ /Fe tot values from our reprocessing of the Canil and O'Neill (1996) data compared to their original values is minor and does not alter the general conclusions presented in their paper.
Thermobarometry
The pressures and temperatures of equilibration of the studied xenoliths and of the reprocessed Canil and O'Neill (1996) data (Table 1) were calculated using a combination of the Taylor (1998) two-pyroxene thermometer and Nickel and Green (1985) Opx-Grt barometer recommended by Nimis and Grütter (2010) . Given the presence of a few sodium-rich Opx in our data set, we adopted the modified version of the Nickel and Green (1985) barometer proposed by Carswell (1991) . This modification was neither expressly favored nor disfavored by Nimis and Grütter (2010) , who showed that both versions of the barometer are consistent with constraints imposed by natural xenoliths and experiments in peridotitic systems. Carswell's (1991) version only diverges from the original Nickel and Green (1985) for Opx with Na > Cr + Fe 3+ + Ti, for which it yields somewhat higher pressures (up to 1.2 GPa higher in our data set; Table 1 ) and is claimed to be more robust. Owing to the large relative uncertainties in the determination of the small Fe 3+ contents in Opx, Fe 3+ was neglected in the application of Carswell's (1991) correction.
Only two samples from Udachnaya (U267 and 87/70) showed discrepancies between Opx-Grt (Nimis and Grüt-ter 2010) and two-pyroxene (Taylor 1998) slightly larger than the assumed safety threshold of ±70 °C proposed by Nimis and Grütter (2010) , i.e., +96 and −77 °C, respectively. Neither of these two samples, however, showed anomalous behavior in terms of Opx/Grt Fe 3+ distribution compared with the other samples. Three of the samples from the Canil and O'Neill (1996) set for which the Mössbauer spectra were refitted, i.e., BD1140, BD1150 and BD1354, show less than optimal agreement between internally consistent Cpx-based (Taylor 1998 or Nimis and Taylor 2000) and Opx-based thermometers (Brey and Köhler 1990 , with correction in Nimis and Grütter 2010) (ΔT = 100-165 °C). P-T estimates for these samples should thus be used with caution. Therefore, these three samples will be used for general comparative purposes, but not for quantitative evaluation of Fe 3+ systematics.
temperatures
Results
The samples studied in this work cover a wide range of estimated P-T conditions (2.1-6.6 GPa, 690-1,412 °C) and geothermal gradients, and are thus representative for Earth's upper mantle in both on-craton and off-craton continental settings (Fig. 2) (Table 2) . Such systematic Fe 3+ -enrichment appears to be unrelated to the abundance of other phases competing for Fe 3+ , since the modal ranges of Cpx (6-13 vol%) and Grt (3.5-11 vol%) in Dariganga xenoliths overlap those in the other investigated samples (Cpx = 1.4-16 vol%; Grt = 2.1-13 vol%), and spinel only occurs in minor amounts (<0.5 vol%) in one Dariganga and one Udachnaya sample (Table 1 ). The main reason for the enhanced partitioning of Fe 3+ in Opx must therefore be found in the specific P-T conditions recorded by the offcraton Dariganga xenoliths and, possibly, in specific compositional controls.
The higher Fe 3+ contents in Dariganga Opx are coupled with higher [4] Al contents (Fig. 3a) . The latter essentially reflects the low-P and relatively high-T conditions of equilibration of these samples, which are typical of the garnet-facies off-craton lithospheric mantle (Fig. 2) . The association of high Fe 3+ and high [4] Al suggests a major role of Tschermaks-type substitution in the incorporation of Fe 3+ in Opx. In addition, the three most Fe 3+ rich samples in the low- [4] Al Opx group are those with the highest Na content, and a correlation of Fe 3+ with Na is also shown by all of the Dariganga samples except for one, which contains spinel (Fig. 3b) (Fe 3+ ) Grt , at. per 4-cation formula unit) shows no obvious relationship with temperature and a roughly negative correlation with pressure (Fig. 4a, b) . Detailed examination of the relationships between D Opx/Grt Fe 3+ and P showed that the scatter in Fig. 4b was at least in part correlated with changes in the Na content of Opx. This is illustrated by a plot of the residuals of a ln D Opx/Grt Fe 3+ versus P linear regression, which show a positive correlation with the Na content in Opx (Fig. 4c) . Such a correlation is consistent with the inferred contribution of aegirine component to Fe 3+ incorporation and suggests an additional compositional control on the partitioning of Fe 3+ between Opx and Grt. The original data of Canil and O'Neill (1996) are systematically shifted to higher D Opx/Grt Fe 3+ , but the refitted data are in good agreement with our data if the effect of Na and the uncertainties in P, D Opx/Grt Fe 3+
and Na content are taken into account (Fig. 4c) .
The partitioning behavior observed in our Opx-Grt pairs is in contrast to existing reports for natural mantle and experimental Cpx-Grt pairs: These show enhanced partitioning of Fe 3+ to Grt with increasing temperature (Canil and O'Neill 1996; Woodland 2009; Purwin et al. 2013 ), a tendency which is confirmed also by our Cpx-Grt pairs (Fig. 5a) . A correlation between Fe 3+ and Na in Cpx is also apparent in our data (Table 2 ), in line with previous observations in garnet peridotites (Woodland 2009; Malaspina et al. 2012 ). Owing to the complex combination of P-T and compositional effects, the distribution of Fe 3+ between the pyroxenes varies significantly among different sam-
= 0.1-0.8; Fig. 5b ). In particular, the high
in Dariganga xenoliths (0.5-0.7) is probably due mostly to a combination of relatively high-T, low-P conditions and moderate Na Cpx contents. Quantitative evaluation of Opx/Cpx Fe 3+ partitioning systematics is beyond the scope of the present work. We only emphasize that estimates of Opx Fe 3+ contents from Fe 3+ measured in Cpx, based on linear regression of data extracted from limited sets of samples from on-craton mantle settings (cf Canil and O'Neill 1996) , are probably unreliable when applied to Opx-Cpx pairs from different mantle environments.
Discussion
Because the thermodynamic properties of Fe 3+ -bearing Opx end-members are unknown, a rigorous thermodynamic treatment of the equilibria involved in the Fe 3+ partitioning between Opx and Grt is not possible. However, the topology of the possible relevant reactions and a few approximations allow us to make some qualitative predictions, which may explain the observed partitioning systematics.
Assuming Fe 3+ enters into Opx in octahedral coordination, in line with our Mössbauer data, the equilibrium con- where elements are atomic fractions in octahedral sites and lnK γ includes all non-ideal terms. Since reactants and products in reaction (1) are the same and the coordination number of the exchanged cations does not change in the reaction, the volume change of the reaction should be small. Large extrapolation of Domeneghetti et al.'s (1995) data for Pbca orthopyroxenes allows us to predict a molar volume of ~6.1 J/bar for the MgFe 3+ AlSiO 6 end-member. As expected, the calculated ΔV° of reaction (1) is small (ca. −0.1 J/bar); hence, the P dependency of the reaction should also be small. Since the Al term in Eq. (2) typically decreases with pressure in garnet peridotites, owing to the net-transfer reaction the sum of the other right-hand terms in Eq. (2) should also do so in order to maintain the P dependency of ln K This net-transfer reaction involves an increase in mean coordination number for both divalent and trivalent cations and is therefore expected to be favored by pressure. In fact, a similar equilibrium, with Cr in lieu of Fe 3+ , was experimentally calibrated as a geobarometer by Nickel (1989) .
If Fe 3+ is assumed to enter Opx to a minor extent also in tetrahedral coordination (cf Annersten et al. 1978) , then the following net-transfer reaction may become relevant:
The topology of this reaction is similar to that of equilibrium (3) (with Al instead of Fe 3+ ), on which the OpxGrt barometer is based (e.g., Nickel and Green 1985 Pollack and Chapman (1977) . CO'N96 P-T values recalculated using compositional data in Canil and O'Neill (1996) and references therein. The fields of typical on-craton and offcraton garnet peridotites are shown for comparison Fig. 3 Fe 3+ contents versus tetrahedral Al (a) and Na contents (b) in the investigated Opx. The low- [4] Al group corresponds to the on-craton xenoliths, the high- partition coefficient can be predicted to be negatively correlated with pressure, which is in line with our results (Fig. 4) .
The positive correlation of the residuals of the ln D Opx/Grt Fe 3+ versus P regression with the Na content in Opx (Fig. 4c) suggests that Na also favors incorporation of Fe 3+ in Opx, probably as an aegirine component. In our data set, no compositional variable other than the Na content was found to have a significant relationship with these residuals. Weighted regression of our data plus the refitted Canil and O'Neill (1996) Opx-Grt Fe 3+ partitioning systematics in mantle xenoliths. Error bars for lnDFe 3+ and Na 2 O are at 1σ. Uncertainties on Na 2 O were not reported for the literature samples and were calculated as 0.026-0.08 Na 2 O (wt%), based on systematic relationships in our analyses using routine analytical conditions. Error bars for P and T were fixed to 0.4 GPa, 50 °C, and raised to 0.5 GPa, 70 °C, for samples equilibrated at T < 800 °C and for some samples showing poor agreement between internally consistent thermometers (cf Nimis and Grütter 2010) . Dashed lines unweighted linear regressions through the data Canil and O'Neill (1996) . As already pointed out by Canil and O'Neill (1996) , the spinel-bearing, very low-T sample FRB1350 falls off the main trend. b Fe 3+ distribution between Opx and Cpx with atoms per 4-cation formula units for both Opx and Grt. The good agreement between measured and calculated ln D Opx/Grt Fe 3+ (Fig. 6) suggests that most of the observed
variability can effectively be explained by the influence of P and Na Opx on Opx/Grt Fe 3+ partitioning. Since the partitioning of Na in Opx is favored by T in Cpxbearing garnet peridotites (cf Brey and Köhler 1990) , the sodium terms in Eq. (6) may also incorporate some minor temperature effect. Attempts to consider explicitly T in the regressions were, however, unsuccessful.
The practical utility of Eq. (6) as a geobarometer is hindered by the relatively small sensitivity of ln D Opx/Grt Fe 3+
to P and by difficult accurate measurement of Fe 3+ concentrations in both Opx and Grt and of Na 2 O in sodium-poor Opx. More interestingly, the equations can be used to estimate Fe 3+ contents in orthopyroxenes from mantle peridotites in which only garnets have been analyzed for Fe 3+ . The Fe 3+ systematics expressed by Eq. (6) may thus be of help in calculations of Fe 2 O 3 budgets and fluxes during geochemical processes involving mantle rocks. A detailed investigation of these issues is beyond the scope of the present work. We only note that, given its relatively large modal proportion in Grt peridotites and significant affinity for Fe 3+ , especially at moderate pressure, Opx may represent one of the most important Fe 3+ carriers in Earth's lithospheric mantle. 3+ partitioning between Opx and Grt. Data for Canil and O'Neill (1996) samples that showed poor agreement between independent thermometric estimates were not considered in the regression. Error bars are at 1σ. Same symbols as in Fig. 2   Fig. 7 Variation in the Grt-Opx "iron ratio" with P in mantle xenoliths. The relationship with P mimics that shown by DFe 3+ (cf Fig. 4b ). Same symbols as in Fig. 2 Fig. 8 Estimated fO 2 normalized to the FMQ buffer (Stagno et al. 2013) for garnet peridotite xenoliths worldwide. The EMOG/D curve corresponds to the enstatite-magnesite-graphite/diamond buffer along a cratonic geotherm (Stagno et al. 2013) . The Fe-Ni precipitation curve after O'Neill and Wall (1987) . Shaded field approximately indicates the diamond stability field. Dashed lines the apparent typical fO 2 range at various mantle depths. Arrows connect five selected well-equilibrated samples recording "average" fO 2 for their respective depth to corresponding maximum and minimum fO 2 values. Sources of compositional data: Siberia-Yaxley et al. (2012) , Kaapvaal-Luth et al. (1990) , Lazarov et al. (2009 ), Creighton et al. (2009 ), Canil and O'Neill (1996 ; therefore, variations in ferric iron contents may affect temperature estimates. Following Nimis and Grütter (2010) 
The difference is null only if the 1−(Fe 3+ /Fe tot ) Opx 1−(Fe 3+ /Fe tot ) Grt ratio (hereafter, "the iron ratio") is equal to unity, i.e., if Opx and Grt have the same Fe 3+ /Fe tot ratio. If this condition is not satisfied, then temperature estimates may be affected by changes in redox conditions, which will affect the Fe 3+ / Fe tot ratios in both minerals. Therefore, temperature estimates will only be accurate if Fe 3+ partitioning and redox conditions in the mantle are comparable to those in the samples used to calibrate the thermometer or if the contributions of ferric iron in the two minerals compensate each other. The latter condition seems to hold for the Cpx-Grt thermometer, at least in sodium-free systems (Purwin et al. 2013) . Based on experimental data at 5 GPa, Matjuschkin et al. (2014) suggested that this condition does not apply instead to the Opx-Grt thermometer, owing to strong preferential partitioning of Fe 3+ into Grt, but they did not explore the role of pressure. Nimis and Grütter (2010) recalibrated the Opx-Grt thermometer empirically, using well-equilibrated mantle xenoliths as calibrants. They found that a correction for pressure was needed, which was larger than expected from thermodynamic treatment of the Fe 2+ -Mg exchange equilibrium, and suggested that Table 6 Effect of changing redox conditions on Opx-Grt thermometry for mantle xenoliths equilibrated under "average" redox conditions Sources of compositional data: FRB1350- Pearson et al. (1994) and this work; FRB135-Luth et al. (1990); Bo-08-Creighton et al. (2009); 22-7-Kopylova et al. (1999a) and McCammon and Kopylova (2004) ; U183-Ionov et al. (2010) and this work a "Original" calculated from natural compositions with the oxybarometer of Stagno et al. (2013) ; "lowest" and "highest" bracket the maximum range for mantle peridotites at respective depth (cf Fig. 8 ) b "Original" measured on natural samples; "lowest" and "highest" calculated by reversing the oxybarometer of Stagno et al. (2013) at "lowest" and "highest" ƒO 2 c Calculated from garnet composition using Eq. (6) d T (Nimis and Grütter 2010) calculated at P given by combination of Nickel and Green's (1985) barometer (PNG85) and Taylor's (1998) Page 15 of 18 6 this could be due to a systematic increase in the "iron ratio" with depth. Our results support this hypothesis (Fig. 7) . Using our observed Fe 3+ partitioning systematics, we can now explore the effect of changing redox conditions on Opx-Grt thermometry on a quantitative basis. We have estimated potential variations induced on Opx-Grt temperature estimates (Nimis and Grütter 2010; hereafter TNG10) by fO 2 changes within the typical upper mantle range (Fig. 8) for a set of xenoliths recording "average" redox conditions for their respective depths of provenance (see "Appendix" for details of the calculations). The results (Table 6) show that conditions more oxidized than average, within the typical fO 2 range of upper mantle peridotites, will produce negligible (at low P) to significant (at high P) T underestimation (over 100 °C), whereas conditions more reduced than average will always produce negligible T overestimation (<40 °C). Nimis and Grütter (2010) suggested that the commonly observed discrepancies between temperature estimates for mantle xenoliths using the Opx-Grt thermometer (TNG10) and the more redox-robust two-pyroxene thermometer of Taylor (1998; hereafter, TTA98) , using the same input P, could be due either to redox effects (i.e., highly oxidized or highly reduced conditions) or to kinetic decoupling of the fast Fe-Mg and slow Ca-Mg equilibria due to transient heating. Our results now allow us to refine this premise. Figure 9 shows TNG10-TTA98 discrepancies for a few sets of xenoliths and the maximum potential bias due to redox effects, as derived from data in Table 6 . It appears that large positive TNG10-TTA98 discrepancies, such as those shown by some Jagersfontein xenoliths (Fig. 9a) , cannot be ascribed to redox variations and are most likely accounted for by short-term thermal perturbations at depth and consequent disequilibrium. Large negative TNG10-TTA98 discrepancies, such as those shown by some Jagersfontein, Slave or Nikos xenoliths (Fig. 9a-c ) might in part be explained by a high ƒO 2 , although disequilibrium or inconsistencies of the TNG10 thermometer for specific P-T-X conditions cannot be excluded.
If P is not kept fixed and both T and P are calculated by iteration according to common practice, the bias on temperature estimates can be considerably amplified. Even so, deviations due to strongly reduced conditions remain small in all cases (<65 °C) and both positive and negative in sign (Table 6 ). This is because the increase in Al that is assumed to compensate for the decrease in Fe 3+ in Opx (see "Appendix") determines a decrease in the P calculated with the Opx-Grt barometer, which in turn tends to counteract the effect of decreasing total Fe on T estimates, owing to the positive dependency of the Opx-Grt thermometer on P. The calculated pressures still remain within only 0.3 GPa of those calculated with the original mineral compositions. Owing to the low Al in Opx coexisting with Grt, the Aldependent P estimates may instead be extremely sensitive to the Al → Fe 3+ substitution imposed by strongly oxidized conditions. In this case, the corresponding deviations on both P and T estimates become erratic, from strongly negative to strongly positive (Table 6) , depending on even modest differences in the original Al and Na contents in Opx.
The above exercises contain a significant degree of uncertainty, which derives from uncertainties in the oxybarometer of Stagno et al. (2013) , which is used to readjust the Fe 3+ /Fe tot in the Grt, in the calibration of Fig. 9 Differences between temperatures calculated with the Opx-Grt thermometer (Nimis and Grütter 2010; TNG10) and the two-pyroxene thermometer (Taylor 1998 ; TTA98) for mantle xenoliths from different localities. All xenoliths show good equilibrium between pyroxenes based on criteria in Nimis and Grütter (2010) . Shaded fields indicate the declared uncertainty (2 standard errors of estimate, ±70 °C) of the TNG10 thermometer. Dashed lines indicate the maximum predicted bias on TNG10 for strongly reducing and, respectively, strongly oxidized conditions. Several xenoliths from6 Page 16 of 18 Fe 3+ Opx Fe 3+ Grt dependency on P and Na Opx , in the determination of Na 2 O Opx in the test samples, and in the mechanisms of incorporation of Fe 3+ in Opx and its effects on the activity of Al components (see "Appendix"). Nonetheless, the results cast doubts on the reliability of many existing thermobarometric estimates for Cpx-free garnet harzburgites and Grt-Opx inclusions in diamonds, for which no independent, sufficiently accurate control on T and P estimates is generally possible (Nimis and Grüt-ter 2010) . It is noteworthy that any inconsistency in published T estimates for Cpx-free xenoliths based on Opx-Grt thermobarometry will be difficult to recognize, because the T-dependency of the Opx-Grt barometer will force the P-T points to move roughly along the same conductive geotherm on which the "good" P-T points will fall (Brey and Köhler 1990) .
Conclusions
The partitioning of Fe 3+ between orthopyroxene and garnet in our set of mantle xenoliths shows no obvious relationship with temperature, but appears to vary with pressure and the Na 2 O content of the orthopyroxene. This result is unlike previous observations for clinopyroxene-garnet pairs (Woodland 2009; Purwin et al. 2013) . As a consequence, the proportion of Fe 3+ over total Fe in garnet-buffered mantle orthopyroxene is not uniformly low, as commonly assumed, but varies from 1 % (in some high-P and low-Na orthopyroxenes) to at least 9 % (in some low-P, relatively high-Na orthopyroxenes). Some low-P, high-Na (high-T) mantle orthopyroxenes contain more Fe 2 O 3 than coexisting garnets.
In common practice, redox conditions for garnet peridotites are estimated assuming that Fe 3+ in Opx is negligible, so that fO 2 and activity of ferrosilite in Opx can simply be calculated using total Fe concentrations (Gudmundsson and Wood 1995; Stagno et al. 2013) . Recalculating ferrosilite activities in our samples using only Fe 2+ instead of Fe tot produces a decrease in the calculated fO 2 of only 0.02 log units. Therefore, although higher than commonly assumed, the observed Fe 3+ /Fe tot ratios of up to 9 % in Opx should not affect ƒO 2 estimates based on currently available oxybarometers.
The Fe 3+ systematics observed in the studied xenoliths instead imply that the Opx-Grt Fe-Mg exchange thermometer is not robust against redox changes if total Fe is treated as Fe 2+ . In particular, variations in Fe 3+ partitioning with pressure in mantle peridotites may account for some systematic discrepancies observed between experimentally calibrated Opx-Grt and two-pyroxene thermometers (cf Nimis and Grütter 2010 ). An approximate evaluation of errors on Opx-Grt temperatures due to redox effects predicts negligible deviations of P-T estimates for strongly reduced conditions, but potentially large deviations for strongly oxidized conditions, especially at very high pressure and when both P and T are calculated by iteration. Therefore, comparisons between P-T estimates derived using Opx-Grt and two-pyroxene thermometers, a common necessity when studying, for instance, both clinopyroxenebearing and clinopyroxene-free peridotites, may be problematic if redox conditions are unknown. An experimental verification of Fe 3+ partitioning systematics, e.g., by highresolution Mössbauer analysis of Opx-Grt pairs equilibrated under controlled P-T-ƒO 2 and with varying Na 2 O contents, would be desirable to derive a more robust evaluation and, hopefully, recalibration of Opx-Grt thermometers for mantle peridotites. redox conditions. All selected xenoliths showed very good agreement (ΔT < 60 °C) between thermometric estimates using the internally consistent thermometers recommended by Nimis and Grütter (2010) . This indicates good equilibrium and also confirms that redox conditions in the xenoliths were indeed "average" and compatible with the TNG10 thermometer calibration (cf Nimis and Grütter 2010) . Therefore, the calculated P-T conditions should be reliable.
We then allowed fO 2 for each of the selected xenoliths to vary to the maximum and minimum values expected for the mantle at the corresponding depths, as indicated by our compilation in Fig. 8 . We estimated the Fe 3+ /Fe tot ratios in the garnets at these maximum and minimum redox conditions by reversing the oxybarometer of Stagno et al. (2013) , and those in the coexisting orthopyroxenes by using the Fe 3+ partitioning systematics obtained in our work (cf Eq. 6). The mineral compositions were modified using the new Fe 3+ /Fe tot ratios while keeping K Grt−Opx D Fe 2+ −Mg unvaried--the latter depends essentially on T, therefore keeping it fixed corresponds to keeping T fixed. An increase (or decrease) in the Fe 3+ /Fe tot ratio thus determined a net increase (or decrease) in the total Fe content (actually Fe 3+ ), which was compensated by varying the Al 3+ + Cr
